The effects of several membrane antibiotics and other agents on ATP-dependent protein translocation were examined in membrane vesicles under conditions where no significant proton motive force was present. The membrane perturbants ethanol and procaine abolished ATP-dependent protein translocation. Phenethyl alcohol at low concentrations abolished translocation, whereas at high concentrations it allowed precursors to be translocated but inhibited their processing. Translocation of precursors promoted by phenethyl alcohol was temperature dependent and occurred without an added energy source but was enhanced by ATP. However, such precursors could not be further processed to mature forms upon removal of the alcohol. The membrane-active antibiotics polymyxin B and gramicidin S were strong inhibitors of translocation, whereas gramicidin D, cerulenin, and mycobacillin had no effect even at higher concentrations, indicating some specificity in interference with protein translocation. Duramycin, an antibiotic previously shown to affect protein-lipid interaction, severely impaired protein translocation. These results showed that membrane structures play important roles, either directly or indirectly, in protein translocation. Chelating agents
Cells secrete proteins across membranes composed of proteins and phospholipids. The importance of lipids and their fluidity in protein export was suggested by earlier findings that several membrane perturbants, including ethanol, phenethyl alcohol (PEA), and procaine, and growth at lower temperatures affect secretion of periplasmic proteins and assembly of outer membrane proteins in Escherichia coli cells (10, 15-17, 22-24, 32, 33) . Similar results were obtained with an in vitro translocation system (4, 28, 30) . However, since these membrane perturbants also abolish proton motive force (PMF), whose involvement in protein translocation has been previously suggested (9; for brief reviews, see references 5 and 6), the role of lipid fluidity in protein translocation remains uncertain.
An opportunity to determine the importance of membrane structure, including lipid fluidity, in protein translocation arose from our recent findings that the energy requirement for protein translocation into membrane vesicles can be fulfilled by ATP (5) and that, in the absence of functional H+-ATPase, the contribution of PMF to ATP-dependent protein translocation is small (6) . We have therefore reinvestigated the effects of membrane perturbants on protein translocation under conditions where PMF played no role. The results showed that membrane perturbants inhibited ATP-dependent protein translocation, consistent with a direct effect on translocation rather than an indirect one via PMF. These studies were extended to several antibiotics known to act on cytoplasmic membranes, to provide additional support for the role of membrane structure, including lipid-protein interaction, in protein translocation.
MATERIALS AND METHODS
Bacterial strains and media. All strains used were derivatives of E. coli K-12. MC1000/pHI-5, which contains the * Corresponding author.
phoA gene on a plasmid, was a source of mRNA for alkaline phosphatase, as well as mRNA for OmpA protein (4, 28) . Strain D10 (RNase 1-Met-) was used for the preparation of S30 extracts and inverted membrane vesicles. The media and growth conditions were described earlier (4, 28) . For preparing membranes devoid of Fl-F0-H+-ATPase, CK1801
(F-AlacU169 araD139 thiA rpsL relA AuncBC), an MC4100 derivative with a deletion of the whole unc operon (obtained from C. Kumamoto, Stanford University, Stanford, Calif.) was subcultured and maintained in minimal medium with 0.4% glucose and 100 jig of streptomycin per ml (6) . The ATPase-phenotype was confirmed by the inability to grow on succinate as a carbon source.
Preparation of various fractions. Inverted membrane vesicles, mRNA, and S30 were prepared as previously described (4, 28) . Before the harvesting of strain CK1801 for membrane preparation, a small portion of each culture was checked for the ATPase-phenotype by being plated on medium containing glucose or succinate. Membranes prepared from this strain could utilize D-lactate but not ATP to generate membrane potential (6) . All membranes were washed and suspended in 50 mM potassium phosphate or in 10 mM Tris hydrochloride-50 mM KCl at pH 7.6.
Protein synthesis and posttranslational translocation. In vitro protein synthesis was for 15 min at 40°C, and the translation mixture was centrifuged through a Sephadex column to remove small molecules as described earlier (5) 
RESULTS
Effects of ethanol and procaine on protein translocation. To focus solely on membrane structure and eliminate possible effects on PMF, we used a system with ATP driving posttranslational protein translocation in the absence of a functional H+-ATPase (5-7). Translocation was measured as those proteins that were resistant to pronase treatment in membrane vesicles. At optimal ATP concentrations (3 mM), protein translocation was as efficient in the presence of 5 mM Mg2e as without the added Mg2". In the absence of Mg2+, neither carboxylcyanide p-trifluoromethoxyphenyl hydrazone nor carboxylcyanide m-chlorophenyl hydrazone, which collapses the proton gradient, had an effect on ATPdependent translocation ( (Table 2) , about twice the amount of total translocation (both translocated mature and precursor molecules) seen in the absence of PEA (Table 2 ). To determine whether the translocated precursor molecules observed in the presence of PEA were intrinsically resistant to pronase treatment and refractory to cleavage by signal peptidase, the membrane vesicles were solubilized with Triton X-100 (0.05 or 0.1%).
Under these conditions, the accumulated precursor molecules could be processed to the mature forms by the solubilized signal peptidase and were no longer resistant to pronase treatment (data not shown). These results indicated that the pronase resistance of the precursors that accumulated in the presence of PEA was due to their translocation or at least their insertion into membrane vesicles.
To determine whether energy was required for the apparent translocation of precursor molecules in the presence of PEA, the dependence on added ATP was examined. Whereas normal translocation was stringently dependent on ATP as a source of energy (Fig. 1B, lane a) , the accumulation of precursors in the membrane with 1% PEA could proceed without ATP (Fig. 1B (5) .
The effect of PEA removal on the accumulated precursor AP, Alkaline phosphatase; pAP, precursor alkaline phosphatase; pOmpA, precursor OmpA.
was examined. After removal of 1% PEA from the translocation mixtures by gel filtration or by centrifugation, the accumulated precursor could not be further processed to mature form, even in the presence of additional ATP ( (Fig. 2B) . The PEA-mediated translocation appeared to have no specificity for precursor molecules. In the presence of 1% PEA, a protein of about 40,000 kilodaltons was also translocated, becoming resistant to pronase treatment in an ATP-enhanced and temperature-dependent manner (Fig. 1B,  lanes c and d) . Moreover, translocation-incompetent mature alkaline phosphatase and OmpA protein, generated by treatment of their precursors with purified signal peptidase I (a generous gift of W. Wickner), as well as translation elongation factor EFT, were also apparently translocated into membranes in the presence of 1% PEA (data not shown). Evidently, PEA perturbed the membrane structure and allowed passive protein transit through the lipid bilayers.
Effects of membrane perturbants on membranes devoid of H+-ATPase. The results described above indicate that membrane perturbants affected ATP-dependent protein translocation directly rather than indirectly through an effect on the PMF. To substantiate the absence of a PMF effect, we used membranes prepared from a mutant, CK1801, bearing a deletion of all genes for H+-ATPase, which translocated a b c (Fig. 3) .
Effects of membrane antibiotics on protein translocation. Several peptide antibiotics that are known to act on the cytoplasmic membrane were tested for their effects on ATP-dependent protein translocation in the absence of added Mg2+. Polymyxin B, a cyclic peptide antibiotic preferentially interacting with membrane phosphoethanolamine, inhibited protein translocation by more than 50% at 50 ,ug/ml and completely abolished it at 100 jxg/ml (Table 3) .
Polymyxin nonapeptide, which lacks the fatty acid tail of polymyxin B (25) , was no longer active in inhibiting translocation (Table 3) . To determine whether polymyxin B solubilized the membrane at the concentrations that inhibited protein translocation, the antibiotic was added to the mixtures after translocation was completed. The translocation proteins were still resistant to pronase treatment, indicating that polymyxin B did not inhibit protein translocation by solubilizing the membrane (Table 3) .
The cyclic peptide antibiotics gramicidin S and tyrocidine were even better inhibitors of protein translocation than was polymyxin B and eliminated all activity at 25 ,ug/ml (Table 3) . However, while gramicidin S did not solubilize the membrane at the concentrations used, tyrocidine did affect the integrity of the membrane and destroyed the pronase resistance of translocated protein, albeit at somewhat higher concentrations than those needed for inhibition of translocation (Table 3) . Gramicidin D, a linear peptide antibiotic, when purified to remove contaminating tyrocidine (19) , and the cyclic peptide antibiotic mycobacillin hardly impaired translocation at 50 to 100 jig/ml (Table 3 and data not shown). Cerulenin, an antibiotic which inhibits lipid synthesis and impairs protein secretion in cells (12, 13) , only marginally inhibited translocation at 20 jig/ml, with no significant increase in inhibition up to 100 ,g/ml (Table 3) . These results indicate that there is some specificity of membrane antibiotics in their interference with protein translocation. As expected, bacitracin, an inhibitor of cell wall synthesis, had no effect on protein translocation (data not shown).
Action of duramycin. Duramycin, a peptide antibiotic that has been shown to affect lipid-protein interaction in a protein concentration-dependent manner (20) , was examined for its effect on ATP-dependent protein translocation. At 15 ,ug/30 ,ug of membrane protein, duramycin inhibited protein translocation by more than 50% and completely abolished the activity at 30 ,ug/30 ,ug of membrane protein (Table 3) . Similar results were obtained with dATP as the energy source ( Table 3) . As with other peptide antibiotics, the addition of duramycin at these concentrations to the already translocated proteins did not render them sensitive to pronase treatment ( Table 3 ), indicating that the action of duramycin on protein translocation probably was not simply as a detergent.
Effects of other inhibitors. Several other compounds were tested for their effects on protein translocation (Table 4) . Vanadate, an inhibitor for many ATPases, had no inhibitory effect at 60 ,uM, and two protease inhibitors, phenylmethyl- 
DISCUSSION
Previous studies on the effects of membrane perturbants on protein translocation were unable to differentiate between effects on membrane fluidity per se and effects on PMF. In this work, we have examined the effects of membrane perturbants and antibiotics on protein translocation by using a system unable to generate PMF due to the lack of a functional H+-ATPase, either because of the absence of necessary Mg2" or because of a genetic deletion. The observation that ethanol, procaine, PEA, low temperature, and some membrane-active antibiotics were able to inhibit protein translocation in such a system provided strong evidence that the effect of these agents on the translocation process was a direct outcome of their modulation of membrane structure and not mediated through the dissipation of PMF. At this time, it is not clear whether the effects on membrane structure are primarily through membrane lipids, proteins, or protein-lipid interaction. However, the effects on membrane structure are relatively specific, since some membrane-active antibiotics, e.g., cerulenin and gramicidin D, had no effect on protein translocation (Table 3) .
Whereas membrane perturbants at lower concentrations completely abolished translocation of precursors of alkaline phosphatase and OmpA protein, as well as their processing (Table 1, Fig. 1A ), one such agent (PEA), when used at higher concentrations, promoted the apparent translocation of these precursors, although processing of the precursor proteins was still inhibited. Since PEA is known to alter membrane fluidity (15) of E. coli cells also promoted nonspecific protein translocation (35) . These observations suggest that major perturbation of membrane fluidity may allow relatively unspecific. tpssive protein transit through membranes.
The effect of PEA contrasts with that of other perturbants studied earlier. Several cases have been described in which precursors that had accumulated in pretreated E. coli cells could be chased to mature forms after removal of. the membrane perturbant (10, 17, 24) . Some of these precursors could have accumulated on the cytoplasmic side of the membrane, since at lower concentrations of membrane perturbants, they were sensitive to pronase in vitro (Table  1) . In Pseudomonas aeruginosa cells treated with 10% ethanol, the precursor of exotoxin A accumulated on the outer membrane in a location where it was accessible to protease, and it could not be chased (18) . However, the mechanism of this transfer to the outer membrane (18) appears not to involve secretion across the inner membrane described here.
Several cyclic peptide antibiotics, known to interact with the lipid moiety of cytoplasmic membranes (14) , inhibited protein translocation (Table 3) . Thus gramicidin S and polymyxin B, but not polymyxin nonapeptide, abolished the translocation. The molecular mechanisms of action of these antibiotics on cytoplasmic membranes are not known but appear to interact with lipids and to disorganize the structure of the membrane to an extent that prevents protein translocation, but without disrupting the integrity of the membrane. On the other hand, tyrocidine, which is structurally similar to gramicidin S (see reference 14), appeared to solubilize membranes at only a slightly higher concentration than that required for inhibition of protein translocation. Mycobacillin, an antifungal cyclic peptide with 13 amino acid residues (1), and gramicidin D, a linear peptide that can adopt a helical conformation to form a channel (14) , had only small effects on protein translocation, even at higher concentrations. Thus, the inhibition of membrane antibiotics on protein translocation showed some specificity.
Cerulenin and long-chain alcohols, which have been shown to inhibit the synthesis and secretion of exoproteins in intact bacilli (12, 13) , had no significant effect on ATPdependent protein translocation into E. coli membrane vesicles in vitro. The apparent discrepancy of the in vitro effect on translocation across E. coli membranes with that in Bacillus cells might be due to the differences in lipid composition between E. coli and Bacillus cells, provided that these agents indeed act as membrane-modifying agents (26) . On the other hand, the effects of these agents in the long-term in vivo studies with bacilli could have been due to effects on lipid synthesis (12, 13) .
Duramycin, a polypeptide antibiotic containing unusual amino acids (29) , has been shown to inhibit the chloridedependent ATP-driven proton pump of clathrin-coated vesicles (31), ATP hydrolysis by plasma membranes of Ehrlich ascites tumor cells (27) , and purified dog kidney (Na+, K+)-ATPase (20) . This last inhibition by duramycin could be completely reversed by phospholipids. The inhibition of protein translocation by duramycin ( (11, 21) and is consistent with the experimental evidence that a synthetic'signal peptide spontaneously inserts into the lipid monolatyer and undergoes certain conformational change (2, 3) . The signal peptide also inhibits the ATP-dependent protein translocation into membrane vesicles, either by competing for a receptor or by affecting lipid bilayers (8) .
Further work is needed to define the roles of lipids in protein translocation.
